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We present a new analysis of small-angle neutron-scattering data from rabbit muscle actin in the
course of the polymerization from G-actin to F-actin as a function of temperature. The data, from
Ivkov et al. [J. Chem. Phys. 108, 5599 (1998)], were taken in D,O buffer with Ca’* as the divalent
cation on the G-actin in the presence of ATP and with KCI as the initiating salt. The new analysis
of the data using modeling and the method of generalized indirect fourier transform (O. Glatter,
GIFT, University of Graz, Austria, http:/physchem kfunigraz.ac.at/sm/) provide shapes and
dimensions of the G-actin monomer and of the growing actin oligomer in solution as a function of
temperature and salt concentration. This analysis indicates that the G-actin monomer, under the
conditions given above, is a sphere 50—54 A in diameter as opposed to the oblate ellipsoid seen by
x-ray crystallography. The F-actin dimensions are consistent with x-ray crystal structure

determinations. © 2005 American Institute of Physics. [DOI: 10.1063/1.2039088]

I. INTRODUCTION

The globular protein G-actin polymerizes under certain
conditions (such as temperature, actin concentration, and salt
concentration) to form the filamentary protein aggregate
F-actin.'™ G-actin consists of 375 amino acid residues with
a total molecular weight of 42 000 Da. A molecule of ad-
enosine triphosphate (ATP) or adenosine diphosphate (ADP)
and a divalent cation are associated with each G-actin mol-
ecule. X-ray studies of crystalline ATP actin complexed to
DNase 1* or complexed to gelsolin,s’6 or complexed to
latrunculin’ or uncomplexed8 are all “virtually identical™’
and indicate that the G-actin molecule is roughly an oblate
ellipsoid with dimensions of 55X 55X 35 A. F-actin is a
double-stranded right-handed helix with a maximum diam-
eter of 90-95 A,IO_B a crossover distance of 360—400 A,
which gives a helical turn of 720-800 A% and lengths of up
to several microns."* F-actin has roles in maintaining cell
shape and in constructing the contractile fibers of muscle
cells.” The assembly and disassembly of actin are utilized by
cells for movement."> ™"

The mechanism of actin polymerizationzo_24 proceeds
via monomer activation to form dimers,25’26 which, in turn,
react with monomers to form trimers. Monomeric activation
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is believed to be due to a conformational change in the actin
monomer through ion binding with an initiating salt, e.g.,
KC1.%° The trimers are thought to be the nuclei for further
polymerization of the actin.

In 1998, Ivkov e al.”’ reported small-angle neutron-
scattering (SANS) measurements from solutions of rabbit
muscle G-actin at 3.00 mg/ml in D,O buffer with varying
concentrations of KCl. SANS measurements were recorded
at temperatures between 0 and 25 °C, in increments of 2 °C.
The SANS intensity /(g) at a given ¢ value (where the scat-
tering vector g=4msin 8/\,260 being the scattering angle
and A the wavelength of the incident radiation) showed a
striking increase in the temperature range of the polymeriza-
tion. The transition was shown to be sharper for lower con-
centrations of KCI1. The observations for rabbit muscle actin
are analogous to SANS observations on the polymerization
of a—methylstyrene.28

In 2001-2003, the extent of polymerization ¢, the frac-
tion of monomer converted to polymer, was measured as a
function of temperature by Niranjan and co-workers®" us-
ing fluorescence spectroscopy and was shown to exhibit a
maximum, indicating the onset of a net depolymerization at
higher temperatures. This behavior, reminiscent of the be-
havior of the viscosity during the polymerization of sulfur,!
was interpreted in terms of a Flory-Huggins-type lattice
model.

© 2005 American Institute of Physics
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Our efforts in this paper are to reanalyze the SANS data
collected by Ivkov et al. " in the context of the new informa-
tion on ¢(7) and with a new method for the analysis of the
SANS data. We extract ¢(T) from the SANS data, we exam-
ine the low-¢g scaling behavior for information on the actin
shape, and we fit available models to the SANS data to ex-
tract information regarding particle dimension and degree of
polymerization. We then perform an inverse Fourier trans-
form on the SANS data to extract the pair distance distribu-
tion function p(r). This calculation allows data in the
10-1000-A size range to be viewed with high resolution in
real space. Particle shape and size and size distributions are
thus determined.

Il. EXPERIMENT
A. Sample preparation

The details of the isolation and purification of actin from
rabbit muscle have been documented by Ivkov et al*’ and
the reader is referred there and to the references therein. The
actin was prepared in the presence of ATP with Ca®* as the
divalent counterion and with KCI as the initiating salt. The
actin was in D,O buffer in order to reduce incoherent neu-
tron scattering and provide contrast with the hydrogens on
the actin molecules. An actin concentration of 3.00 mg/ml
was used at three different concentrations of KCIl: 5.4+0.5,
8.9+0.8, and 151 mM.

B. Instrumentation

The SANS experiments were conducted at the National
Institute for Standards and Technology Center for Neutron
Research (NCNR), Gaithersburg, MD on the 30-m SANS
instrument (NG3).32 Two instrumental settings were used to
achieve a broad ¢ range: a 2-m sample-to-detector distance
(0.024<¢=<031A") and a 8-m sample-to-detector dis-
tance (0.008<¢=0.31 A~'), where the scattering vector ¢
=41 sin 6/\. The average neutron wavelength A, set by a
mechanical velocity selector, was 6 A with AN/A=15%.

The samples were loaded into either 1- or 5-mm quartz
cells and mounted in a temperature-controlled seven-position
sample changer. The temperature of the sample changer was
controlled via circulating liquid and was measured to be
0.1 °C with a thermocouple in the middle of the sample
position where the neutron beam passed through.

C. Data reduction

The original raw SANS data have been completely re-
analyzed. The scattered intensity was corrected for dark
background and empty cell scattering via a subtraction from
each data set. The spectra were also corrected for detector
response variations, which takes into account any nonlinear-
ity of the detector. The corrected intensities were placed on
an absolute scale using (a) a silica standard for the data col-
lected using the 8-m sample-to-detector configuration and
(b) a 1-mm path length water standard for the 2-m data. Due
to time constraints in the beam time available, not all
samples were investigated using both configurations. The
beam center and edge effects of the detector were masked
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from the data. The two-dimensional data sets were then ra-
dially averaged to obtain one-dimensional I(g) vs ¢ data sets.
Finally, the low-level incoherent background scattering was
estimated™ from the asymptotic slopes of I(g)g* vs ¢* and
subtracted from the data.

The uncertainties associated with the SANS experiments
are dependent on various factors such as the detector count
rate, the estimation in conversion of pixel number to scatter-
ing vector, and the secondary standard. Such errors were
calculated and written into the output files created from the
software at the NCNR.

The reduced SANS data are available through the Elec-
tronic Physics Auxiliary Publication Service.*

lll. THEORY AND DATA ANALYSIS

A SANS spectrum can be understood by concentrating
on three specific regions of the curve. At very low values of
q (gR,<1, where R, is the radius of gyration of the scatter-
ing particle), the behavior of I(g) is independent of particle
shape. This is because the spatial resolution is not sufficient
to elucidate particle shape and only information regarding
dimension can be obtained. In this case I(g) is described by
the Guinier relation:>

I(g) = 1(0)exp{- ¢*R}/3}. (1)

where R, is the radius of gyration of the particle and (0) is
the scattered intensity at ¢g=0, which can be obtained from a
double logarithm plot:

2p2
()] = nl1(0)] - @)

In the high-q region of the scattering curve, the spatial reso-
lution is high enough to distinguish the interface between the
particle and the solvent, and I(g) typically scales as g%,
known as Porod’s law.™

The intermediate range of I(g) is the region from which
information regarding particle size and shape can be
extracted.””*® In this region, power-law scattering results and
I(g) scales as ¢"~3, where n is the dimensionality of the scat-
tering species. For example, the scattered intensity of a rod
(n=2) scales as g~'. Similarly, spherical objects will scale as
¢ and flexible chains or lamellar structures will scale as g2
in this region.

The SANS group at NCNR provides modeling routines
that are user friendly and statistically robust.” A variety of
models are available for the form factor P(g) that describes
the scattering due to the shape of the scattering particles and
for the structure factor S(g) that describes the scattering due
to the interactions between the particles. Then the total scat-
tering 1(q) = ¢V, P(q)S(q), where ¢ is the volume fraction
of the particles and V/,, is the volume of a particle.36 For our
purposes, three of these models will be discussed. The first
model, the simplest case, is P(g) from noninteracting hard
monodisperse spheres.
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3[sin(gR) — gR cos(gR)]
(qR)’ ’

P(q) = 3)
where R is the radius of the sphere. However, no such system
is perfectly monodisperse which results in the damping of
the oscillations in P(g). Hence, a model describing the scat-
tering from a polydisperse array of spheres is available from
the NCNR website.” This model calculates the scattered in-
tensity for a population of polydisperse spheres with hard-
sphere interactions between the particles. A Schulz
distribution™ is used to describe the polydispersity p of the
diameters of the spheres, where p=s/R, where s is the vari-
ance of the distribution and R is the mean particle radius.
The hard-sphere interactions are described by the structure
factor S (q):41

,sin(gr)
-1

S(g)=1+ 4771‘—\:J [g(r dr, (4)
0

where N is the number of particles in a volume V at a dis-
tance r from any given particle. The radial distribution func-
tion g(r) is taken from the Percus-Yevick approach.42

The second model is that of an ellipsoid as the scattering
particle. A prolate ellipsoid is needlelike in shape as opposed
to an oblate ellipsoid, which is disklike and has a very dif-

ferent scattering profile. For the prolate ellipsoid,39

1
P(q) = f FPlar{1 + (7 = 1D} ]dx, (5)
0
(sinz—zcos z)
flz)= 3Ve11z—3’ (6)
V= <g>wrari, v= Q, (7)
Tp

where f(z) is the scattering amplitude and z=gr,{1+x*(v?
—1)}2, r, is the short axis of the ellipsoid, r, is the long
axis, v is the ratio of the short axis to the long axis, x
=R§,q2, and Vg is the volume of the ellipsoid. The same
model is used for an oblate ellipsoid. In this NCNR model,
the S(¢)=1 and no interparticle interactions are taken into
account.

Finally, a cylindrical model for the scattering particles is
fitted to the data for the polymeric actin. The cylinder is
assumed to be circular in cross section and monodisperse:36

1.0+ (a} ’QQ
1.01-0)
0.8
08
*
06

8.9 mM KCI
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2J,(gR sin a)
(¢R sin «)

o 222

sin{gL cos(a/2)} |?

(gL cos(al2)] } sin ada, (8)

where J, is a first-order Bessel function, R is the radius of the
circular cross section, L is the cylinder length, and « is the
angle between the cylinder axis and the scattering vector q.
In this model, again the S(¢)=1 and no interparticle interac-
tions are taken into account.

The last method of data analysis involves the Fourier
transformation of the scattering data. The conventional Fou-
rier transformation of I(g) involves the integral43

o0

p(r) = I(g)qr sin(qr)dq, )

27r2
which yields the pair distance distribution function p(r),
where r is the distance in real space. This function can be
used to determine the size, shape, and internal structure of
scattered particles with high accuracy in the size range of
10-1000 A. The p(r) function can be understood as follows.
The scattered particle is divided into many small volume
elements (small in comparison to local-density fluctuations).
The p(r) function is proportional to the product of the differ-
ent scattering lengths (n;n;) of two volume elements i and k
with a center-to-center distance between r and r+dr. Simi-
larly, the height of the p(r) function is proportional to the
number of such scattering lengths that are found inside the
particle within the interval r and r+dr. The direct calculation
of p(r) using Eq. (9) requires scattering data in the full ¢
range from 0O to %. A limited ¢ range in a data set will lead to
strong oscillations in p(r). These effects have been mini-
mized in a new data analysis technique using the indirect
Fourier transformation.***® This method simultaneously per-
forms desmearing and Fourier transformation assuming that
p(r)=0 for r>D,,,, where D, is the maximum length in
the scattering particle. If, however, the concentration of par-
ticles increases to levels where S(g) becomes relevant in the
overall scattered intensity, then transforming I(g) into real
space leads to a Fourier transform that can barely be inter-
preted due to such strong oscillations at larger r values. Con-
sequently, a still more advanced technique has been devel-
oped to eliminate interparticle contributions without
neglecting part of the scattering profile, which is important in

FIG. 1. Extent of polymerization vs
temperature for actin at 3.0 mg/ml in
D,0 buffer at (a) 8.9-mM KCl and (b)

15 mM KCI

—~ 06 . L
% = 15-mM KCI. Filled symbols indicate
04l — Theory g ¢ Fluorescence SANS data and open symbols show
o Fluorescence G4r — Thearetical data from fluorescence measurements
+ SANS # SANS .. .
taken by Niranjan ef al. and the solid
0.2r 02+ line is a theoretical fit to the fluores-
cence measurements (Ref. 30).
Q0F 4 L 1 L L [(R0] L L v y
0 10 20 30 40 0 10 20 30 40
TrC TrC
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FIG. 2. The SANS intensity /(g) as a function of scattering vector ¢ for
3 mg/ml actin with 15-mM KCI. Error bars have been excluded for clarity.
Error bars at low ¢ values (lower than 0.1 A1) do not exceed the size of the
symbols.

43,47-49
cases of larger structures such as elongated systems.

The correct p(r) can be recovered by separation of the par-
ticle interactions during the evaluation process. The tech-
nique, termed as the “generalized indirect Fourier transfor-
mation” (GIFT),”® allows for the simultaneous determination
of both P(g) and S(g). We apply the GIFT method to the
SANS data by using the commercially available PCG soft-
ware (version 1.01.02).>!

IV. RESULTS AND DISCUSSION

A. Extent of polymerization

The extent of polymerization of actin ¢(7), the fraction
of monomer converted to polymer, can be calculated from

EX {a)

S4mMKC |

-1

g 01 &
= = 01f
- 001 ¢
0.01
0001 +
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the SANS data. This was previously done by Ivkov et al”’
by plotting /() at a given ¢ value (¢g=0.02 A~'). Here we
define ¢(T) as the relative invariant,

q2
Q=f I(g)dq. (10)
q1

This is statistically more accurate and more easily deter-
mined. The ¢ range used was between 0.014 and 0.07 A~".
The data were then normalized between O and 1 and plotted
as a function of temperature. This was done for the actin
polymerization at 8.9 and 15-mM KClI; there were insuffi-
cient data taken at 5.4-mM KCI. This analysis is shown in
Fig. 1 along with the data from Niranjan and co-workers.?*
The reproducibility of the polymerization temperatureszg’30 is
generally +2 °C. Given that the experiments were performed
on different batches of actin solution by different workers
and at different times and using different experimental
probes, the data agree remarkably well.

The behavior of ¢(T) indicates the low level of polymer-
ization (dimerization only) at low temperatures, then the dra-
matic increase in ¢(T) at the polymerization temperature 7,
followed by a maximum in ¢(7) and the depolymerization at
higher temperatures.

B. Analysis of the SANS data by scaling

Figure 2 shows the scattering data as a function of tem-
perature for the actin samples at 15-mM KCI. The data are
presented in double logarithmic form so as to illustrate the
differences more clearly; the inset displays the same data in
linear form. The inset shows a general increase in scattered
intensity as the temperature is increased. The double loga-
rithm plot shows a clear change in slope of I(g) vs g at low
q. For example, the scattered intensity scales as ¢° at 0.1 °C,

()
8.9 mM KCI

FIG. 3. Scaling of the SANS data for
polymerizing actin. (a) Actin with
5.4-mM KCI showing slopes corre-

.
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b
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{c)
15 mM KCI

01
‘£
kS
=
= 0.01
0.001
Ta : 3 4 EBTSE 2
Q.01 ,
q A

LA L sponding to spherical (slope=0) and

0.1 cylindrical ~forms (slope=—1) of
G-actin and F-actin at 18.5 and
22.4 °C, respectively; (b) actin with
8.9-mM KCI showing slopes corre-
sponding to spherical and cylindrical
forms at 0.1 and 18.5 °C, respectively;
and (c) actin with 15-mM KCI show-
ing slopes corresponding to spherical
and cylindrical forms at 0.1 and
12.9 °C, respectively.
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TABLE 1. Scaling analysis of the SANS data for the polymerization of G-actin to F-actin, at all concentrations
of KCI and all temperatures, with the predicted shapes determined from the slopes of I(g) at low ¢. ~ indicates
which data have been analyzed by modeling, as listed in Table II.

[Kcl] T [Kcl] T

(mM) (°C) Slope at low ¢  Shape from scaling (mM) (°C) Slope at low ¢  Shape from scaling
5.4 4.8 ~0 Sphere 8.9 20.4 -1.21 Cylinder”
54 5.7 ~0 Sphere 8.9 22.4 -1.22 Cylinder
54 7.5 ~0 Sphere 8.9 24.8 -1.23 Cylinder”
54 14.7 ~0 Sphere 15 0.1 ~0 Sphere”
54 185 -0.04 Sphere” 15 3.9 -0.42 Ellipsoid”
54 20.4 -0.20 Ellipsoid 15 4.8 —-0.58 Ellipsoid”
54 224 -0.48 Ellipsoid 15 5.7 -0.67 Ellipsoid
8.9 0.1 ~0 Sphere 15 7.5 -0.74 Ellipsoid
89 438 -0.13 Ellipsoid” 15 9.3 -0.78 Ellipsoid”
8.9 5.7 -0.37 Ellipsoid 15 11.1 -0.81 Ellipsoid”
8.9 11.1 -0.42 Ellipsoid 15 12.9 -0.97 Cylinder”
8.9 12.9 -0.52 Ellipsoid 15 14.7 -1.07 Cylinder”
8.9 14.7 -0.52 Ellipsoid 15 16.4 -1.14 Cylinder”
8.9 16.4 -0.92 Cylinder 15 18.5 -1.15 Cylinder
89 185 -1.09 Cylinder” 15 248 -1.24 Cylinder”

indicating a spherical particle consistent with G-actin. This
changes, however, at 3.9 °C where I(g) scales as ~g~%°. At
higher temperatures, this trend continues and the slopes ap-
proach unity, suggesting a change in the shapes of the scat-
tering species from spheres to rods. Examples of such plots,
illustrating the spherical and cylindrical forms of actin that
would correspond to unpolymerized and polymerized actin,
are shown in Figs. 3(a)-3(c) at three different KCI concen-
trations. Note that as the KCIl concentration increases, the
polymerization temperature for actin is reduced.?’*

On close inspection of Figs. 2 and 3, some samples (e.g.,
those at 0.1 °C) show an increase in I(g) at the lowest g
values, which is an evidence of slight aggregation of the
filaments into larger structures. This is believed to have been
caused by the technique used in adding the KCl to the actin
solution,”’ in that transient local high concentrations of salt
could cause some bundling of actin filaments.” These struc-
tures are too large to be measured by SANS.

The likely intermediate for the transition between a
sphere and a rod is a prolate ellipsoid. The scaling of I(g) at
low ¢ and the particle shapes expected from the scaling are
shown in Table I. All three data sets show the progression
from sphere to prolate ellipsoid to rod as the temperature
increases and the polymerization progresses. Thus the scal-
ing analysis gives us a qualitative picture of the structural
changes in actin in the course of polymerization.

C. Analysis of the SANS data by modeling

For a more quantitative analysis, we turn to the modeling
of the SANS data using the polydisperse hard sphere to
model unpolymerized G-actin, using the prolate ellipsoid to
model the oligomeric intermediate species, and using the
rigid cylinder to model polymerized F-actin. We tried to
model the unpolymerized actin using a NIST NCNR (Ref.
39) model for an oblate ellipsoid, since the monomer struc-
ture in crystals has been shown to be of this shape, but the

oblate ellipsoid did not fit the data. We tried to model the
polymeric actin as a wormlike chain,” but this model did not
fit the scattering from actin filaments.

Modeling could not be performed on all the SANS data.
In order for modeling to be successful (both for the models
described here and for the GIFT technique below), the ¢ range
must be broad enough and in some situations (when the data
were not investigated in both 2- and 8-m SANS configura-
tions), this was not the case. In these situations, we have
assumed a structure based on the scaling analysis (see Table
I) and on models that succeeded at adjacent temperatures.
The results of all the modeling fits are shown in Table II.

Figure 4 shows fits to the two sets of data at tempera-
tures where the actin is not polymerized: (a) the fit of the
polydisperse hard sphere and the oblate ellipsoid models for

TABLE II. Parameters from fits to the SANS models and from pair distance
function analyses. For sphere models, R is the radius and PD is the polydis-
persity. For prolate ellipsoid models, R, is the short axis and R, is the long
axis. For cylinder models, R is the radius and L is a length. The uncertainties
in R, Ry, Ry, and D, are +1 A; the uncertainty in L is 10 A,

[Kcly T Fit parameters Fit parameters

(mM) (°C)  Model from modeling from p(r)
54 185 Sphere R=23 A, PD=18%  R=27 A, D,,=52A
8.9 48 Ellipsoid R,=22A,R,=38A R=255A,D,,=724A
8.9 185 Cylinder R=31A,L=500A  R=37.5A,L=495A
89 204 Cylinder R=32A, L=600A R=42 A, L=582 A
8.9 248 Cylinder R=39 A, L=700 A R=42 A, L=682 A
15 0.1 Sphere R=25A,PD=18% R=252A, D,,=60 A
15 3.9 Ellipsoid R;=24 A R,=40 A R,=272 A, R,=375A
15 48 Ellipsoid R;=24 A, R,=50 A R,=275A, R,=484 A
15 93 Ellipsoid R;=24 A, R,=95A  R;=25A,R,=86 A
15 11.1 Ellipsoid R,;=26 A, R,=125 A R,=28.8 A, R,=114 A
15 129 Cylinder R=32 A, L=400 A R=36 A, L=396 A
15 147 Cylinder R=32A,L=450 A R=34 A, L=450 A
15 164 Cylinder R=33 A, L=500 A R=36 A, L=437 A
15 248 Cylinder R=40 A, L=600 A R=45 A, L=588 A
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ib)

15 mi KCI
0.1°C

FIG. 4. The SANS data (open circles)
for unpolymerized actin showing fits
to a polydisperse noninteracting hard-
sphere model (solid lines) or to an ob-
late ellipsoidal model (dotted lines) for
(a) 5.4-mM KCI at 18.5°C and (b)
15-mM KClI at 0.1 °C.

the data at 5.4-mM KCI and 18.5 °C and (b) the fit of the
polydisperse hard sphere and the oblate ellipsoid models for
the data at 15-mM KCI and 0.1 °C. Figure 4(a) indicates that
the actin under these conditions can be described as a sphere
with a radius of 23+1 A and a polydispersity of 18%. Figure
4(b) indicates a sphere of radius of 25+1 A with a polydis-
persity of 18% again. As discussed above in the Introduction,
x-ray diffraction studies of G-actin indicate that the molecule
is an oblate ellipsoid with dimensions of 55X 55X 35 A.
Figures 4(a) and 4(b) also show our attempts to fit the data
using oblate ellipsoids as the scattering particles, but those
models do not fit the data. The g regimes in which the oblate
ellipsoid models deviate from the data are not regimes where
the S(g) would contribute to the scattering, so the omission
of S(g) does not explain the failure of the oblate ellipsoid as
a model scatterer. It should also be noted that the differences
between the two fits (sphere and ellipsoid) cannot be ex-
plained by polydispersity alone. Similar fits to monodisperse
spheres and ellipsoids were performed and the monodisperse
sphere showed a better fit to the data. These modeling results
for unpolymerized actin in solution indicate the presence of
spheres of radius 23—25 A. The observed polydispersity in-
dicates variation in size and shape, possibly due to the pres-
ence of both monomers and dimers under these experimental
conditions.***"

Examples of the SANS scattering from actin oligomers
modeled as prolate ellipsoids are shown in Fig. 5. Data for
8.9-mM KCl at 4.8 °C are shown in Fig. 5(a) and the fit
parameters are R,(short axis)=22+1 A and R,(long axis)
=38=+1 A, giving overall dimensions of 44 X 76 A. The data
and the fit indicate that the actin has just only started to
polymerize under these conditions, with some mix of small
oligomers, which is in agreement with the results from the

T @

01k

scaling of I(g) at low g (see Table I) of g~*!3, where the

scaling exponent is greater than zero (expected for a sphere)
but much less than one (expected for a cylinder). The data in
Fig. 5(b), however, are much different: The fitted parameters
at 15-mM KCI and 11.1 °C are R;=26+1A and R,
=125+1 A. (Fits to other data sets for polymerizing oligo-
meric actin are shown in Table II.) The parameters suggest
that the polymerization of actin is indeed taking place and
complement the observation (Table I) of scaling in I(g) of
¢~%%7. Some data points at low ¢ in Figs. 5(a) and 5(b) do not
fit to the model and indicate the aggregation effects de-
scribed above. The high-¢g discrepancy between data and
model is due to the fact that the model assumes a sharp
interface between the scatterer and the solvent, which is not
true for actin. The ratio of 5:1 of the short axis to the long
axis gives overall average oligomer dimensions of about 52
%250 A, corresponding to a chain of ten monomers (the
monomers are offset from one another in the filament so that
each monomer adds 27.4 A to the length of the filament).

The shape of F-actin, once formed, is thought to remain
cylindrical with an increase in length along the cylindrical
axis as the temperature is increased further. Figure 6 shows
examples of modeling the SANS scattering from F-actin as a
cylindrical scatterer. The fitting parameters for Fig. 6 for (a)
actin in 8.9-mM KCI at 18.5°C are R=31+1 A and L
=500+10 A and (b) actin in 15-mM KCI at 12.9 °C are R
=321 A and L=400=10 A.

The F-actin radii, as determined from these and other fits
of the scattering from polymerized actin to a model perfect
cylinder (see Table II), range from 31 to 40 A and thus the
diameters range between 62 and 80 A. The x-ray structure
determination of F-actin gives a maximum diameter of
90-95 A.1° F-actin, a helical structure, has two different

FIG. 5. The SANS data (open circles)
for polymerizing actin with fits to a
prolate ellipsoid (solid line) for (a) ac-
tin with 8.9-mM KCl at 4.8 °C and (b)
actin with 15-mM KCl at 11.1 °C.

"B 01p -
o &
= 9 5 [
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(o}

FIG. 6. The SANS data (open circles)
for polymerized actin with fits to a
cylinder (solid line) for (a) actin with
8.9-mM KCI at 18.5 °C and (b) actin
with 15-mM KCI at 12.9 °C.
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cross-sectional dimensions: (a) a dimension equivalent to
one actin monomer at the minimum diameter of the helix and
(b) a dimension equivalent to two actin monomers (a dimer)
at the maximum diameter of the helix. In the modeling of the
scattering, we are forcing the helix to fit to a cylinder so we
should not overinterpret the dimensions obtained from the
fits. Indeed, these radii are 2—5 A lower than what we ob-
serve in the p(r) shown in Sec. IV D. The p(r) analysis is
model-free and may give more accurate dimensions.

The filament length of F-actin can be up to hundreds of
micrometers.'* The modeling results (Table II) give lengths
of 400—700 A. We believe that these are the full lengths of
the filaments formed under these reaction conditions, lengths
that correspond to 16-26 monomers. While the extent of
polymerization, the fraction of initial monomer that has been
incorporated into polymer (Fig. 1), is near one, the degree of
polymerization, the average number of monomers in a poly-
mer chain, is small. This means that there are many small
oligomeric filaments under the conditions of our experi-
ments.

Figure 7 shows the structural changes that occur when
actin is polymerized by heating in KCI solutions.

D. Analysis by generalized indirect Fourier
transformation

The p(r) were calculated for the same SANS data that
were analyzed by modeling and are shown in Figs. 8-10.”"
Table II shows the parameters obtained from all the p(r)
analyses. We note again that we expect the dimensions for
the p(r) analysis to be more reliable than those from the
modeling.

Figure 8 shows p(r) profiles for unpolymerized G-actin
that are typical for a spherical species: The distribution is

o—e—-8 -3

FIG. 7. Schematic showing the structural changes that occur during ther-
mally induced actin protein polymerization in D,O buffer with KCI as the
initiating salt progressing from spherical monomer, to activated spherical
monomer (), to prolate ellipsoid, and to filament.

L L MR |
T 4 teTES z
[y}

aA’

symmetric about a maximum.*® The point at which the p(r)
falls back to zero is defined as the maximum particle dimen-
sion Dmax.48 Figure 8(a) indicates that actin at 5.4-mM KCI
and 18.5 °C [compare Figs. 3(a) and 4(a)] is a sphere with a
most probable particle radius of 27+1 A and a D,,, (or par-
ticle diameter) of 52+ 1 A, in reasonable agreement with the
radius determined from SANS modeling (Table II, 23+1 A).
Figure 8(b) shows that actin at 15-mM KCl and 0.1 °C [see
Figs. 3(c) and 4(b)] shows even better agreement with the
modeling: a spherical particle radius of 25.2+1 A from p(r)
compared to 25+1 A from the modeling. The “shoulder” in
both Figs. 8(a) and 8(b) at ~52+1 A is probably due to the
formation of dimer (17%-23% of the monomer is dimerized
under these conditionsm). To be sure, it can be difficult from
the p(r) to distinguish an oblate ellipsoid from a sphere with
asymmetry due to polydispersity.47 However, the scaling ex-
ponent of zero and the failure of the modeling as an oblate
ellipsoid (see above) both support the interpretation of Fig. 8
as representing spherical monomers in the presence of dimer.
In addition, the shoulders in Figs. 8(a) and 8(b) are at the
right lengths to represent dimers.”

Figures 9(a) and 9(b) show p(r) for polymerizing actin
and indicate the initial and latter stages of a prolate ellipsoi-
dal structure, the first being almost spherical and the last
being almost a “cylindrical” oligomer. In Fig. 9(a), actin at
8.9-mM KCI and 4.8 °C has a p(r) which is almost sym-
metrical and closely resembles the p(r) of a sphere. How-
ever, on close inspection, the asymmetry at large r values can
be seen indicating a very slight elongation of the spherical
species. There is a large maximum, which corresponds to the
average short axis and is shown at 261 A, in reasonable
agreement with the SANS modeling (22+1 A). However,
actin at 15-mM KCl and 11.1 °C [Fig. 9(b)] shows remark-
able differences from the p(r) for a sphere. There are two
strong maxima and one weak peak between them. The inflec-
tion point on the first peak corresponds to the average diam-
eter of the growing polymer of 52 A 53 10 be compared
with the SANS modeling (Table II) diameter of 52+2 A. The
weak peak at 150 A and the strong peak at 225 A indicate
the presence of pentamers and octamers within the polymer
chain. The length of the ellipsoid is 250+10 A, again close
to SANS modeling fits of a long axis diameter of 25020 A
and suggests a total length of nine monomers.

Figure 10 shows p(r) for polymerized actin and the plot
corresponds to a cylindrical shape.48’53 The point of inflec-
tion between the first maximum and the (approximately) lin-
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FIG. 8. Pair distance distribution func-
tion for unpolymerized actin (a) with
5.4-mM KCI at 18.5 °C and (b) with
15-mM KCI at 0.1 °C. The solid ver-
tical lines indicate the maximum par-
ticle cross-sectional diameter and the
maximum particle length. Compare
Fig. 4.

riA

ear region gives a rough indication for the diameter of the
cross section of the cylinder. The cylindrical axis is described
by a linear region which decreases to zero, the point at which
this occurs is the cylindrical length L. For actin at 8.9-mM
KCl and 18.5 °C, a cross-sectional diameter of 75+1 A and
a cylinder length of 495+10 A are indicated by Fig. 10(a)
and listed in Table II. The cross-sectional diameter is thus
about 20% larger than that obtained from the SANS model-
ing (R=31x1 A, giving a diameter of 62+2 A). The length
is in close agreement with the length obtained (500+10 A,
Table II) from the modeling. A similar profile is shown in
Fig. 10(b) for actin at 15-mM KCI and 12.9 °C. Here the
actin has not fully polymerized and thus has a smaller length.
The cross-sectional diameter (72+1 A) is again comparable
to that observed from SANS modeling (R=32x1 A,
diameter=64+2 A).

An interesting feature is seen in both cylindrical p(r)
profiles in Fig. 10: We would expect a linear region at high ¢
due to the long cylindrical axis. However, in both cases we
observe a “rippling” along this region. This effect, we be-
lieve, can be attributed to the inhomogeneity along the cy-
lindrical axis. Such an effect has been observed for wormlike
micelles of poly(ethylene oxide) block copolymers in aque-
ous solutions.”* The rippling is less pronounced in the case of
actin, where we attribute the rippling to scattering from the
differences in diameter along the actin ﬁlament,53 where each
“ripple” corresponds to one monomer unit.

Figure 11 shows the p(r) function for the temperatures
investigated at 15-mM KCI. The data at 14.7 °C and the data
at 16.4 °C overlay one another; the data at 24.8 °C show
considerable scatter and are not plotted. The general trend is
that an asymmetry in p(r) becomes apparent as the polymer-

(a) 400x10°

L 8.9 mhl KCi
48°C

1.0 300

0.8

pir)
pn

200
0.6

0.4
100

0.2

0.0

20 30 40 50 60
riA

ization process begins. A second maximum is observed as
this process continues due to the aggregation of monomers
into oligomers. The second peak increases in r and in inten-
sity with increasing temperature, indicating an increased de-
gree of polymerization. On complete polymerization, this
second maximum disappears as the structure changes from
an ellipsoid to a cylinder. An interesting point to note from
the p(r) here is that, contrary to Hansen,” for the case of a
periodically inhomogeneous rod the magnitude of the peaks
of the ripples steadily decreases as r increases, this is not the
case for intermediate temperatures. The peaks to the extreme
right in these p(r) profiles have almost equal magnitude as
the adjacent peaks to their left. This observation was not
expected and we currently do not have a firm reasoning for
this.

E. Further discussion of actin molecular dimensions

The radii and lengths for the data at 15-mM KCI, as
determined by both modeling and GIFT, are plotted in Fig.
12. The dimensions determined from GIFT are more reliable
since the GIFT analysis does not impose a model or require a
least-squares fit and since modeling does not allow for flex-
ibility or polydispersity. The average radius increases as a
function of temperature as the extent of polymerization is
increased. This indicates the presence of monomer at low
temperatures, dimer at increased temperatures, and filament
above the polymerization temperature of about 12 °C. The
length of the actin assembly also increases with temperature:
There is a steady increase up until the temperature of poly-
merization at which a rapid increase is observed.

We can compare the actin dimensions from the SANS

(b)

15 mi KCI
11.1°C

FIG. 9. Pair distance distribution func-
tion for polymerizing actin (a) with
8.9-mM KCl at 4.8 °C and (b) with
15-mM KCl at 11.1 °C. The solid ver-
tical lines indicate the maximum par-
ticle cross-sectional diameter and the
maximum particle length. Compare
Fig. 5.
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FIG. 10. Pair distance distribution
function for polymerized actin (a) with
8.9-mM KCl at 18.5 °C and (b) with
15-mM KCl at 12.9 °C. The solid ver-
tical lines indicate the maximum par-
ticle cross-sectional diameter and the
maximum particle length. Compare
Fig. 6.
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analysis in D,O solution with the structures from x-ray dif-
fraction in actin crystals. The x-ray diffraction studies of mo-
nomeric G-actin®*™ indicate that the G-actin molecule in a
crystal is roughly an oblate ellipsoid with dimensions of 55
X 55X 35 A. The SANS studies we report here show the
unpolymerized actin to be a spherical species with a diam-
eter (from the GIFT analysis) of 50—54 A. There are two
interpretations of this result. One is that the species that we
see by SANS analysis in solution are entirely dimers rather
than monomers and that a dimer is made of two monomers
connected on the larger “faces” of the oblate ellipsoids, with
some contraction upon connection so that the connection of
two 35-A entities becomes closer to 54 A than to 70 A. This
interpretation is not consistent with our work showing that
only about 20% of the actin is polymerized as dimer below
the polymerization temperature (see Fig. 1).** The other in-
terpretation of the result is that G-actin in solution has a
more spherical geometry than it does in a crystal. It would
not be surprising to find a different shape in aqueous buffer
than in the crystal since the interactions with water and salt
are crucial to the polymerization process.js’56 Moreover, the
solution is in D,O buffer and D,O has stronger hydrogen
bonding and stronger hydrophobic interactions than does
H20.30’57 The spherical shape in solution can be due to
changes in the conformation of the actin, due to interactions
with solvent and salt.

There has been some prior work measuring the dimen-
sions of G-actin in solution. One dynamic light-scattering

0.1°C
39°C
48°C
9.3°C
11.1°C
128°C
14.7°C
16.4°C

600x10"

500

AP +0e 2
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300
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FIG. 11. Pair distance distribution function p(r) for all temperatures of actin
polymerization in D,O buffer at 15-mM KCl.

1
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200 300

riA

study in H,O without initiating salt has indicated a sphere of
diameter 53 A (including a hydration layer),58 and another
such study has indicated an ellipsoid of dimensions 84
%34 A% Two x-ray scattering studies in H,O without initi-
ating salt have indicated a nonspherical shape with a radius
of gyration of 24.5 (Ref. 60) or 26 A.®' The only other study
in D,O, but without initiating salt, reports only a radius of
gyration of 19.9 A.%2 No other study has been under the
same conditions as our study: rabbit muscle actin in D,O
buffer with ATP and KCI as the initiating salt.

X-ray diffraction indicates that F-actin in a crystal is a
double-stranded right-handed helix with a maximum diam-
eter of 90—95 A (Ref. 10) and a crossover distance of 360 A,
giving a helical turn or pitch of 720 A2 From Table II and
Fig. 12, the radii of the F-actin filaments from the SANS
data are 36 to 45 A giving average diameters of 72—-90 A,
which are consistent with the x-ray analysis if some of the
oligomers are not completely formed helices. The GIFT and
modeling analyses yield filament lengths that are in the range
of 400—700 A (Table II), we interpret these lengths to be the
full contour lengths of the rather small filaments.

V. CONCLUSIONS

A new analysis of small-angle neutron-scattering data
from rabbit muscle actin, in the course of the polymerization
from G-actin to F-actin as a function of temperature, yields
information regarding the actin sizes and shapes during po-
lymerization in D,0 in the presence of ATP and KCIl and
with Ca?* as the divalent cation.

Monomeric G-actin in D,O buffer is found to be spheri-
cal with a diameter of 50—54 A with a polydispersity of
15%-20%. The evidence is that the scattering data for
G-actin cannot be fitted by an oblate ellipsoid model, but can
be fitted by a spherical model, and that a spherical shape is
consistent with the GIFT analysis. The observed spherical
shape of G-actin differs from the oblate ellipsoidal shape
seen in x-ray structures of actin in crystalline form. The
polydispersity indicates fluctuations in the size and shape of
the actin monomers and the presence of some dimers. The
intermediates between the monomeric and polymeric forms
of actin are shown to be prolate ellipsoids that elongate fur-
ther as temperature and salt concentration are increased. We
do not see pair distribution functions that would correspond
the “antiparallel” dimers that can occur when the monomers
are oblate ellipsoids.26 The polymeric form of actin is shown,
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FIG. 12. (a) Radius (filled symbols)
and (b) length (open symbols) of actin
in 15-mM KCI as a function of tem-
perature determined by SANS model-
ing (diamonds) and GIFT (circles).
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as expected, to adopt a cylindrical conformation of dimen-
sions close to that observed by x-ray diffraction experiments
on F-actin.

Since the SANS measurements were carried out in D,0,
the shapes and sizes adopted may differ somewhat from the
shapes and sizes in H,O as the solvent because H,O and
D,O differ in the strengths of hydrogen bonds and of hydro-
phobic interactions. It would be of interest to repeat this
study in H,O by x-ray scattering, to perform electron micros-
copy on the actin oligomers, and to study the structure of
actin in solution by nuclear magnetic-resonance spectros-
copy. These experiments are carried out in the presence of an
initiating salt: It will also be of interest to examine the struc-
ture of G-actin in solution in the absence of an initiating salt.
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